The ubiquitin proteasome system (UPS) plays a crucial role in modulating synaptic physiology both presynaptically and postsynaptically, but the regulatory mechanisms remain obscure. To determine acute effects of proteasome inhibition on neurotransmission, we performed whole-cell voltage-clamp recordings from cultured rodent hippocampal neurons. We find that proteasome inhibitors induce a strikingly fast, severalfold increase in the frequency of both miniature (mini) and spontaneous synaptic currents at excitatory and inhibitory synapses. The lack of change in mini amplitude and kinetics indicates a presynaptic site of action. This effect does not depend on increased levels of presynaptic proteins, previously suggested as proteasomal targets. Furthermore, blockade of the UPS using E1-activating enzyme inhibitors also increases mini frequency, demonstrating that accumulation of ubiquitinated proteins is not required. Overall, these data suggest that the UPS not only orchestrates protein turnover, but also dynamically regulates the activity state of presynaptic proteins, thus crucially shaping synaptic transmission.
Introduction
Protein degradation has recently been implicated as a modulator of synaptic physiology (Bingol and Schuman, 2004; Yi and Ehlers, 2007; Haas and Broadie, 2008) . A major degradation pathway is the ubiquitin-proteasome system (UPS), which controls not only the half-life, but also the activity state, of proteins by covalently tagging them with ubiquitin. Three key enzymatic activities mediate ubiquitination: the E1 ubiquitin-activating enzyme (E1; one or two genes), the E2 ubiquitin-conjugating enzyme (E2; tens of genes) and the E3 ubiquitin-ligase [E3; 500 -1000 genes (Kaiser and Fon, 2007) ]. The potential for specificity for protein ubiquitination thus rivals that of protein phosphorylation mediated by ϳ500 kinases (Manning et al., 2002) . Moreover, several synapse-specific E3 ligases have been identified (Shimura et al., 2000; DiAntonio et al., 2001; Yao et al., 2007) . These observations raise the question whether ubiquitination could serve a modulatory-in addition to a degradative-role at the synapse.
Substantial evidence supports a prominent postsynaptic role for UPS-dependent protein degradation and for protein synthesis, as comediators of plasticity in mammals (Ehlers, 2003; Bingol and Schuman, 2004; Fonseca et al., 2006; Karpova et al., 2006; Dong et al., 2008) . There is less, albeit growing, evidence that indicates a presynaptic contribution of the UPS to synaptic physiology (Wilson et al., 2002; Willeumier et al., 2006; Yao et al., 2007) . For example, the UPS plays a significant role at presynaptic terminals during development by regulating axon growth and growth cone guidance (Lewcock et al., 2007; Fulga and Van Vactor, 2008) . In Aplysia, 24 h inhibition of the proteasome enhances the number of presynaptic boutons and increases the strength of synaptic transmission (Zhao et al., 2003) . Inhibition (45 min) of the UPS at the Drosophila neuromuscular junction increases synaptic transmission due to accumulation of the synaptic vesicle regulator Dunc-13 (Speese et al., 2003) . In hippocampal neurons, a 2 h block of the proteasome increases the size of the recycling pool of vesicles in an activity and protein kinase A (PKA)-dependent manner (Willeumier et al., 2006) . The presynaptic E3-ubiquitin-ligase, scrapper, regulates levels of the vesicle priming protein RIM1, thus modifying neurotransmitter release (Yao et al., 2007) . Together, these data support the hypothesis that the UPS regulates presynaptic physiology through distinct pathways in diverse neuronal systems and in different species.
We investigate the effect of UPS blockers on synaptic physiology in cultured neurons. We find that UPS inhibition triggers a very rapid and strong increase in spontaneous neurotransmitter release. The frequency of excitatory and inhibitory miniature postsynaptic currents (minis) increases severalfold within minutes of UPS inhibition with no change in amplitude, suggesting a presynaptic effect. In contrast to previous reports, we find no evidence for the involvement of Munc-13 or Rim1 in this process. The increase is calcium and protein synthesis independent. Blocking the UPS upstream of the proteasome, by inhibiting E1 activity, also leads to a rapid increase in mini frequency. Our results thus suggest the involvement of rapid and dynamic protein ubiquitination in the regulation of synaptic transmission.
Materials and Methods
Tissue culture. We used primary hippocampal neurons from CA1-CA3 regions of Sprague Dawley rat pups cultured at postnatal day 0 to 2 as previously described (Sippy et al., 2003) with minor modifications. Hippocampi were dissected in 20% fetal bovine serum (FBS; Hyclone) in HBSS (Life Technologies). Tissue pieces were digested with 1 mg/ml papain for 15 min at 37°C, followed by mechanical dissociation with Pasteur pipettes. Cells were plated at a density of 30,000 -50,000/cm 2 on Matrigel (Beckton Dickinson)-coated glass coverslips inside a 15-mmdiameter cloning cylinder. Cells were grown in Minimal Essential Medium (MEM; Life Technologies) supplemented with 0.5% glucose, 100 mg/L bovine transferrin (Calbiochem), 24 mg/L insulin, 2 mM Glutamax-1 (Invitrogen), and 10% FBS (Hyclone). After 24 -48 h, the culture medium was adjusted to a final concentration of 5% FBS, 2% B27 (Invitrogen), and 8 M ARA-C. Cultures were maintained at 37°C in a 95% air/5% CO 2 humidified incubator for 12-21 d before use. For Western blotting, cells were harvested in standard RIPA lysis buffer supplemented with 1% protease inhibitor cocktail (Sigma) and 50 mM N-ethyl maleimide (NEM).
Gel electrophoresis and Western blotting. Protein concentration was measured using the BCA assay with BSA as a standard. Usually, 10 -12 g protein sample from hippocampal cultures were mixed with reducing sample buffer, boiled, separated by SDS-PAGE (7-15%), and transferred onto nitrocellulose membranes, following standard procedures. Membranes were incubated with primary antibody directed against ubiquitin (UO508, Sigma), Munc13 (126 102, Synaptic Systems), and Rim1 (610906, BD Biosciences) followed by washings and subsequent HRPconjugated secondary antibodies (GE-Healthcare). GAPDH (MAB374, Millipore) or tubulin (05-559, Millipore) antibodies were used to ascertain equal loading, depending on the molecular mass of the target protein to blot and/or the gel's polyacrylamide percentage. Blots were developed using ECL Plus (GE Healthcare) and imaged using the Typhoon Imaging System (GE Healthcare). For the detection of E1 ubiquitin-activating enzyme, we followed published protocols (Jha et al., 2002; Chou et al., 2008 ) using a polyclonal primary antibody directed against the N terminus of human E1-activating enzyme (PW8385, Biomol). All images of gels were cropped.
Electrophysiology. Cultured neurons on coverslips were mounted in a perfusion chamber on an inverted microscope and perfused with external solution (in mM): NaCl 134; KCl 2.5; CaCl 2 3; MgCl 2 1; NaHPO 4 0.34; NaHCO 3 1; glucose 20; HEPES 10; pH 7.3; 310 mOsm. All external solutions contained a final concentration of 0.1% DMSO. Electrodes were pulled from borosilicate glass capillaries (Warner) to a final tip resistance of 3.5-5.5 M⍀. The electrode solution consisted of (in mM): Cs methanesulfonate 100; Na-ATP 5; Na-GTP 0.3; Na-phosphocreatine 10, MgCl 2 5, EGTA 0.6, HEPES 30; pH 7.3; 295 mOsm. Inhibitory currents were recorded using a similar internal solution except for 60 mM CsCl and 40 mM Cs methanesulfonate, giving a chloride reversal potential of Ϫ19 mV. Neurons were voltage clamped at Ϫ75 mV for mEPSCs and mIPSCs using a Cairn Optopatch (Cairn Research) patch-clamp amplifier. Currents were low-pass filtered at 10 kHz using the built-in 8-pole Bessel filter and acquired at 50 kHz using a computer interface (6502E, National Instruments) and acquisition software custom-written (by FES) in LabView (National Instruments). For analysis, currents were further filtered using a software 8-pole Bessel filter. Additional analysis was conducted with Mini analysis (Synaptosoft), Detectivent (by Norbert Ankri), and OriginPro7 (OriginLab) software.
Neurons were voltage clamped in the whole-cell configuration while perfusing normal external solution. Spontaneous excitatory currents (sEPSC) were recorded in 100 M picrotoxin. Action potential independent miniature EPSCs (mEPSC) were recorded in 1 M TTX and 100 M picrotoxin, while mIPSCs were recorded in 1 M TTX, 20 M DNQX, and 50 M APV. Cells with basal mini frequencies considerably below 1 Hz were excluded from further study. After a 5 min baseline recording, the perfusion was switched to an identical external solution (control recordings) or to a solution additionally containing a 10 M UPS blocker (MG132, clasto, ziram, or Pyr-41). The protein synthesis inhibitor cyclohexamide (40 M) or high calcium (10 mM calcium and 5 mM potassium) was present, where appropriate, throughout the entire recording. To buffer intracellular calcium, cells were preincubated in 10 M BAPTA-AM for 30 min at room temperature followed by a baseline recording and subsequent MG132 addition.
Averages of minis were obtained by aligning (and averaging) ϳ120 mini events to the time point when the current had reached 50% of its peak. For frequency versus time plots, instantaneous mini frequency was obtained as the inverse of the interevent interval. The median frequency value for each cell was calculated every 60 s, and the values were normalized to the baseline recording time. The mean group value was obtained by taking the mean of the median values across all cells. Amplitude versus time plots were obtained in a similar manner. Values for the bar graphs were obtained as simple means of values during the baseline period and a period after drug application (from minute 15 to 20 or 25). SEs were calculated using the number of cells as the statistical n.
20S proteasome activity assay. Dissected cortices from Sprague Dawley rats were homogenized in lysis buffer containing 50 mM HEPES, 5 mM EDTA, 150 mM NaCl, 2 mM ATP, and 1% Triton X-100 and centrifuged for 30 min at 50,000 ϫ g. The supernatant (cytosolic extract; 50 mg of protein per sample) was used for the proteasome activity assay (Kisselev and Goldberg, 2005) by preincubating with no drug (negative control), MG132 (positive control), or ziram (sample test) followed by assessment of the three proteasomal catalytic activities using the following fluorogenic substrates: ␤1, Caspase-like: 7-amino-4-methylcoumarin Z-LLE-AMC (Biomol); ␤2, Trypsin-like: Boc-LSTR-AMC (Sigma); ␤5, Chymotrypsin-like: N-succinyl-LLVY-AMC (Biomol). Fluorescence values were read in a plate reader after a 2 h incubation period. All values were normalized to their respective negative control, and a mean was obtained for each group.
Chemicals. Unless otherwise stated, chemicals were obtained from Sigma/Fluka. The UPS blockers and other reagents used in these experiments are as follows: MG132 (Peptide Institute), clasto-lactacystin ␤-lactone (Boston Biochem), ziram (ChemService), 4{4-(5-nitro-furan-2-ylmethylene)-3,5-dioxo-pyrazolidin-1-yl}-benzoic acid ethyl ester (Pyr-41; Biogenova), BAPTA-AM (AnaSpec), cycloheximide (Biomol), DNQX (6,7-dinitroquinoxaline-2,3-dione; Tocris Bioscience), APV (D-(Ϫ)-2-amino-5-phosphonopentanoic acid; Tocris Bioscience).
Statistics. Statistical significance was determined using a t test by comparing baseline values to values at 15 to 20 or 25 min-after addition of a corresponding blocker or control solution. Where applicable, other resampling simulations based on bootstrapping methods (Efron and Tibshirani, 1991) were used. Each experiment was repeated on cells from at least three separate cell cultures. Error bars indicate SEM.
Results

Proteasome inhibition
We first tested the effect of proteasome inhibition on synaptic transmission by recording activity-dependent excitatory synaptic responses. Whole-cell voltage-clamp recordings were obtained from culture hippocampal neurons in the presence of picrotoxin (100 M). After baseline spontaneous EPSCs (sEPSCs) were recorded, the proteasome inhibitor MG132 (10 M) was applied via bath perfusion. Within minutes, we observed a robust increase in sEPSC frequency ( Fig. 1 A, B) . Both the burst frequency and the interburst interval activity increased. Furthermore, as the interburst interval activity increased, the burst duration decreased. An overall increase in cumulative sEPSC frequency was observed in neurons exposed to MG132 (n ϭ 7) ( Fig. 1 B, black traces), but not in those exposed to control solution (n ϭ 9) ( Fig. 1 B, gray traces). The median sEPSC frequency in MG132-treated neurons (2.1 Ϯ 0.9 Hz) was significantly greater than in control neurons (controls; 0.7 Ϯ 0.04 Hz; t test; p Ͻ 0.001) (Fig.  1C) . Thus, blocking the proteasome in a cultured neuronal network induces an increase in the overall frequency of spontaneous EPSCs.
To determine whether this rapid effect in synaptic transmission was more likely due to presynaptic or postsynaptic changes, we measured the frequency and amplitude of miniature postsynaptic events (minis) in the presence of TTX (1 M) to block action potentials. The baseline frequency of the miniature EPSCs (mEPSCs) varied considerably from cell to cell and across cultures (range: 1.5-19.1 Hz; median: 6.4 Ϯ 1.2 Hz). We therefore compared minis from the same cell before and after drug application. Figure  2 A shows exemplar traces taken from a neuron perfused with control solution followed by application of 10 M MG132. The proteasome inhibitor triggered an increase in mini frequency without any apparent change in mini amplitude. When switching Figure 1 . Proteasome inhibition increases spontaneous, activity-dependent excitatory synaptic transmission. A, Representative traces of spontaneous EPSCs (sEPSC) before (top) and after (bottom) addition of proteasome inhibitor MG132 within the same neuron. Note, in this cell, an increase in both sEPSC frequency and bursts (large downward deflections) and a concomitant reduction in burst duration by about half (from ϳ1.5 s to ϳ0.7 s). B, Cumulative number of sEPSCs increases more rapidly in neurons exposed to proteasome blocker (black continuous lines), than in neurons exposed to control solution (gray continuous lines). sEPSC numbers are normalized to the number of EPSCs during the baseline period-from Ϫ5 to 0 min. The number of minis was set to zero at Ϫ5 min, which gives a normalized value of 1 at 0 min. A steeper rate of rise signifies a higher frequency. The dotted straight line is drawn to emphasize frequency unchanged from baseline. C, Median sEPSC frequency increases in neurons treated with proteasome blocker MG132 (n ϭ 7; filled large circles), but not in the group of neurons exposed to control solution (Cntr, n ϭ 9; open triangles) after 10 min of proteasome inhibition. Adjacent boxes represent 98% of data distribution. from one control solution to an identical control solution (n ϭ 6) ( Fig. 2 B, top; open triangles, normalized to baseline), no significant changes in mini frequency (2 Ϯ 0.6 Hz to 3 Ϯ 1.6 Hz) or mini amplitude (16 Ϯ 1.7 pA to 15.7 Ϯ 6.3 pA) were observed. However, when switching from a control solution to a solution containing 10 M MG132 (Fig. 2 B, black circles, normalized to baseline) mini frequency rapidly increased approximately threefold (from 3.5 Ϯ 0.05 Hz to 12.8 Ϯ 0.11 Hz, n ϭ 8; p Ͻ 0.05), while mini amplitude (from 16.2 Ϯ 2.9 pA to 17.6 Ϯ 4.6 pA) (Fig. 2 B, bottom) and mini kinetics (rise time from 1 Ϯ 0.1 ms to 1 Ϯ 0.1 ms; decay from 2.7 Ϯ 0.4 ms to 2.4 Ϯ 0.2 ms) remained unchanged compared to control (Fig. 3) . Changes in mini frequency are generally thought to arise from changes in the number of vesicles released per unit time, i.e., presynaptic changes. Alterations in mini amplitude, on the other hand, are interpreted as changes in the number of neurotransmitter receptors activated, i.e., postsynaptic changes. The change in frequency only thus suggests a presynaptic site of action.
MG132 has been reported to block cellular calpains in addition to the proteasome (Mailhes et al., 2002) . We thus repeated these experiments with the more specific (and considerably more expensive) proteasome blocker clasto-lactacystin ␤-lactone (clasto; 10 M). The results obtained with clasto were consistent with the ones obtained with MG132. The mini excitatory frequency of 3.7 Ϯ 0.6 Hz at baseline increased to 11.5 Ϯ 3.3 Hz after clasto perfusion with no change in mini amplitude (n ϭ 4; threefold increase) (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). Since MG132, but not clasto, has been reported to be a reversible proteasome inhibitor (Sutovsky et al., 2003) , we tested whether the increase in mini frequency could be reversed within a similar timeframe. However, a 10 min washout of MG132, did not affect the increase in neurotransmitter release (data not shown).
To determine whether UPS inhibition would trigger a similar increase in inhibitory neurotransmission, experiments were conducted in the absence of picrotoxin, while blocking excitatory AMPA and NMDA receptors with DNQX (20 M) and APV (100 M), respectively, and blocking action potentials with TTX. Cells were voltage clamped at Ϫ75 mV using an internal solution that produced a chloride reversal potential of Ϫ19 mV (see Materials and Methods). Miniature IPSCs (mIPSCs) were thus measured as inward currents (Fig. 2C) . The frequency of mIPSCs was stable during a baseline period then rapidly increased severalfold in response to application of the proteasome inhibitor MG132 (from 2.3 Ϯ 0.6 Hz to 7.4 Ϯ 1.9 Hz, n ϭ 8; p Ͻ 0.05). As was the case for excitatory minis, the rapid increase in mIPSC frequency was not accompanied by an increase in amplitude (from 17.4 Ϯ 3.6 pA to 17.2 Ϯ 3.6 pA), and no changes in the kinetics were observed (rise time from 2.8 Ϯ 0.3 ms to 2.5 Ϯ 0.7 ms; decay time from 8.3 Ϯ 0.9 ms to 8.6 Ϯ 1.1 ms) (Fig. 3) . These findings indicate that the UPS regulates presynaptic release not only at excitatory but also at inhibitory synapses. We conclude that the UPS modulates neurotransmitter release and that this effect is presynaptic, since only the frequency, but not the amplitude, or the kinetics are affected at both excitatory and inhibitory synapses.
Mechanism
To test the mechanism by which proteasome inhibitors mediate this surprisingly fast increase in presynaptic vesicle fusion, we explored proteasome-mediated pathways known to be involved in neuronal and synaptic physiology. Since proteasome inhibition prevents the degradation of proteins, we hypothesized that the proteasome-dependent increase in neurotransmitter release observed here (Figs. 1, 2 ) was mediated by extending the half-life of a protein involved in the regulation of vesicle fusion by inhibiting its degradation. Using Western blot analysis of hippocampal cultures and a primary antibody against ubiquitin, we established that, as expected, blocking the proteasome for up to 2 h led to an accumulation of ubiquitinated proteins. The median intensity of the ubiquitin signal was increased 50% in bands from MG132 preincubated neurons compared to those from control neurons (n ϭ 4; p Ͻ 0.01) (Fig. 4 A) . This is consistent with the notion that the levels of certain presynaptic proteins also increase following proteasomal blockade. Indeed, at the Drosophila NMJ, proteasome inhibition leads to an accumulation of the vesicle priming protein Dunc-13 and this accumulation is necessary for an increase in synaptic transmission (Speese et al., 2003) . However, a study in rodent hippocampal cultures found no evidence of proteasomal regulation of the mammalian homolog Munc-13 (Kalla et al., 2006) . Consistent with the latter study and potentially indicating important species-specific differences in the regulation of synaptic transmission, we failed to detect any consistent increase in Munc-13 levels in cultures that were treated with proteasome inhibitors (Fig. 4 B) . An additional membrane protein that modulates vesicle fusion is Rab3 interacting molecule 1 (RIM1) (Schoch et al., 2002; Kiyonaka et al., 2007) . Rim1 has been reported to undergo polyubiquitination via the F-Box-type E3 ubiquitin enzyme named scrapper (Yao et al., 2007) . If scrap- per (also known as FBXL20) is inactivated, Rim1 levels increase leading to enhanced synaptic transmission (Yao et al., 2007) . In our hands, however, Rim1 levels did not increase after 10 min or even after 2 h of proteasome blockade (n ϭ 3). In fact, we observed a small, but statistically significant decrease in Rim1 levels at 10 min of proteasome inhibition. After 2 h, we did observe a rather large increase in a single experiment, but a decrease in the others, resulting in no significant change (Fig. 4C) . It thus appears the mini-frequency increase reported here does not depend on altered degradation of (at least these two) synaptic proteins (see below).
If proteasome inhibitors elicit an increase in mini frequency by blocking the degradation of particular proteins, then these proteins likely are constitutively degraded in the unaltered system. Consequently, if steady-state protein levels are to be maintained, such proteins must be synthesized on a similar time scale. In fact, protein synthesis and degradation have been reported to bidirectionally regulate long-term potentiation (LTP) (Fonseca et al., 2006; Karpova et al., 2006; Dong et al., 2008) . Although inhibition of protein synthesis does not appear to affect basal synaptic transmission within minutes (Li et al., 1998) , we nevertheless tested whether inhibition of protein synthesis interferes with the UPS-induced increase in mini frequency. Hippocampal cultures were incubated with the protein synthesis inhibitor cycloheximide (40 M). Interestingly, UPS inhibition still elicited an increase in mini frequency in the presence of protein synthesis inhibitors (from 4.1 Ϯ 1 Hz to 8.3 Ϯ 1.6 Hz; n ϭ 6; p Ͻ 0.01) (Fig.  4 D) . We conclude that early and fast modulation of synaptic transmission by the proteasome is not affected by protein synthesis.
We next tested the influence of calcium on mini-frequency increases. Even small increases in intracellular calcium can increase neurotransmitter release (Lou et al., 2005) , and it has been suggested that proteasome inhibition-mediated increases in mini frequency are abolished in the complete absence and in the presence of high extracellular calcium levels (Yao et al., 2007) . We Monoclonal antibodies that recognize all ubiquitin forms (PanUb) were used to quantify the ubiquitinated state of neurons. Standard masses are illustrated in kilodaltons (kDa). Right, Median intensity (filled black circle) from a total of four independent experiments (open symbols), confirms a statistically significant increase in ubiquitinated proteins in those neurons exposed to MG132, compared to a control group (n ϭ 4, p ϭ 0.01). B, Levels of the synaptic-vesicle priming protein, Munc-13, do not increase in rat hippocampal neurons after UPS blockage. Western blot analysis of cultures treated for 2 h Ϯ clasto. Left, Representative immunoblot. Right, Immunoblot intensity analysis as in A (n ϭ 4). C, Levels of the synaptic-vesicle-fusion regulatory protein Rim1 do not increase after proteasome inhibition. Left top, Representative immunoblot after incubating cells for 10 min Ϯ MG132. Left bottom, Immunoblot intensity analysis as in A (n ϭ 5; p Ͻ 0.01). Right top and bottom, Representative immunoblot and median results using anti-Rim1 antibody in neurons preincubated with or without 10 M MG132 for 2 h. Rest is same as for left panel. Note no consistent change in Rim1 levels. D, The increase in excitatory mini frequency by proteasome blockers is not protein-synthesis or calcium dependent. Neurons treated with the protein synthesis inhibitor cycloheximide (left; Cyclohex.; p Ͻ 0.01; n ϭ 6), exposed to high calcium (middle; n ϭ 6; p Ͻ 0.001) or with strongly buffered intracellular calcium (right; BAPTA-AM; n ϭ 6; p Ͻ 0.01) still elicited a significant increase in mini frequency when applying MG132 (see Materials and Methods for details). Dashed line illustrates (normalized) baseline frequency. Plot description as in Figure 1C . Error bars are ϮSEM. Cntr, Control; MG, MG132; Clasto, clasto-lacatacystin ␤-lactone. Western blots: 10% PAGE for ubiquitin; 7% for Rim1. Loading controls were assessed with antibodies against the housekeeping enzyme GAPDH or tubulin.
thus first tried to record minis in the absence of extracellular calcium, but could not obtain stable recordings (data not shown). Next, we tested whether high extracellular calcium levels (10 mM) would occlude the proteasome inhibition-induced mini frequency increase. In contrast to Yao et al. (2007) , we found that MG132 increased mini frequency approximately threefold even in the presence of high external calcium concentrations (10 mM; 5.9 Ϯ 1.8 to 15.8 Ϯ 5.0 Hz, n ϭ 6; p Ͻ 0.01) (Fig. 4 D) . To investigate the role of intracellular calcium increases, we loaded hippocampal cultures with the calcium chelator BAPTA-AM. Application of MG132 to BAPTA-AM preloaded neurons still evoked a rapid and robust increase in mini frequency (from 2.0 Hz Ϯ 0.22 to 4.6 Hz Ϯ 0.9, n ϭ 6; p Ͻ 0.01) (Fig. 4 D) . We conclude that the observed increase in mini frequency is not occluded by high extracellular calcium levels and that it is also independent of increases in intracellular calcium.
Together, these data show that the fast increase in mini frequency we observe after proteasome inhibition is not mediated by previously reported mechanisms including the active-zone proteins Munc-13 and Rim1, or alternative pathways such as protein synthesis, and is calcium independent.
E1 inhibition
Our hypothesis that the strong and fast increase in neurotransmitter discharge following proteasome inhibition is mediated by the increased half-life of a synaptic regulator was mainly based on the observation that proteasome inhibition leads to a significant accumulation of ubiquitinated proteins (Fig. 4 A) . We decided to further test this hypothesis by inhibiting the UPS at a different checkpoint. We reasoned that inhibition of the universal E1 ubiquitin-activating enzyme should block all subsequent protein ubiquitination events. Moreover, since E1 inhibition does not directly block proteasomal activity, preubiquitinated proteins should still be degraded and should not accumulate. An increase in mini frequency that depends on preubiquitinated proteins should thus be prevented or at least delayed. To test this, we made use of two structurally unrelated inhibitors of the E1-ubiquitin- Figure 5 . Testing the effect of the ubiquitin proteasome system through an alternative checkpoint: the E1 ubiquitin-activating enzyme. A, Left, The E1 inhibitor, ziram, does not directly block proteasomal activity. Ziram's effect on proteasome activity was assessed by means of applying the 20S proteasome activity assay and testing the three proteasomal catalytic activities (␤1, ␤2, and ␤5; see Materials and Methods). Note that ziram (Z) does not inhibit any of the three proteolytic activities of the proteasome, while MG (MG132) does. Right, Ziram blocks the E1 enzyme by preventing its ubiquitination. Immunoblot (5% PAGE) shows that the ubiquitinated fraction of E1 is strongly decreased compared to the nonubiquitinated fraction. This is most apparent after the 10 min preincubation. B, E1-enzyme inhibitor ziram does not increase protein ubiquitination levels. Left, Representative Western blot (10% PAGE) developed with anti-ubiquitin antibodies of hippocampal cultures treated for 2 h with ziram. Standard masses are illustrated in kDa. Right, Median ubiquitin intensity (filled black circles) from five independent experiments (open symbols). Neither Munc13 (C) nor Rim1 (D) levels increase after E1 inhibition. A 120 min incubation of neurons with the E1 blocker ziram, leads to no change in levels of Munc13 or Rim1. Rim1 levels do not increase after a 10 min exposure to ziram, which coincides with ziram's strongest E1 inhibition and the increase in minis. Top, Representative Western blots. The lower panels indicate median intensity values for each protein as in B. Monoclonal antibodies against the housekeeping enzyme GAPDH or tubulin were used as loading controls. *t test p Ͻ 0.05, **t test p Ͻ 0.001. Cntr, Control. Western blots, PAGE: 5% for E1; 7% for Rim1; 10% for Munc-13 and ubiquitin.
activating enzyme, the fungicide ziram (Chou et al., 2008) and Pyr-41/UBEI-41 (Yang et al., 2007) .
We first confirmed (Chou et al., 2008 ) that ziram does not inhibit the proteasome itself by measuring ␤1, ␤2, and ␤5 proteolytic activities of the proteasome in rat brain cytosol in the absence and presence of ziram using fluorogenic substrates (see Materials and Methods). As predicted, ziram did not inhibit these enzymatic activities but they were efficiently blocked by MG (activities relative to no drug control: ␤1: MG 7 Ϯ 1%, ziram 98 Ϯ 2.6%; ␤2: MG 25.7 Ϯ 12%, ziram 98 Ϯ 1.5%; and ␤5: MG 25.6 Ϯ 12%, ziram 99.5 Ϯ 1%) (Fig. 5A, left) . We also confirmed that ziram indeed inhibits active site ubiquitination of the E1 enzyme in mammalian neurons by comparing levels of ubiquitinated and nonubiquitinated forms of E1 on Western blots (Jha et al., 2002; Chou et al., 2008) . Inhibition appeared stronger after 10 min than after 2 h possibly indicating breakdown of ziram or compensatory mechanisms (Fig. 5A, right) (n ϭ 3 independent cell types). To confirm that ubiquitinated proteins do not accumulate in response to E1 inhibition, we compared control cultures and cultures treated with ziram using Western blot analysis and antibodies directed against ubiquitin. As expected, ziram was ineffective in eliciting a significant change in the level of ubiquitinated proteins (Fig. 5B) . These results show that while proteasome blockers cause a significant accumulation of ubiquitinated proteins (Fig.  4 A) , E1 enzyme blockers do not. Similar to the results with proteasome inhibitors described above, blocking the E1 enzyme with ziram did not exert an increase on Munc-13 or Rim1 levels (Fig. 5C,D) . In fact, as was the case for proteasome inhibition, a small but statistically significant decrease in Rim1 levels was observed at 10 min of E1 inhibition, which returned to control levels within 2 h of inhibition.
Alternative hypothesis
To test whether the accumulation of ubiquitinated protein(s) is indeed necessary for an increase in mini frequency, we blocked the E1 enzyme, which blocks ubiquitination, but not the degra- E1 inhibition has no effect on excitatory and inhibitory neurotransmitter release kinetics. A, E1 inhibition does not affect mini amplitude (left), 10 -90 rise time (middle), or decay time (right). Median values are plotted before (Ϫ) and after (ϩ) ziram application. E, Excitatory mini currents; I, inhibitory mini currents. Error bars are ϮSEM. B, Averages of ϳ120 minis for mEPSC control and after ziram. Same group of cells as shown in Figure 6 . dation of ubiquitinated proteins. Since ubiquitinated proteins are thus not accumulating, we expected to observe no change or a decrease in mini frequency. Surprisingly, ziram strongly increased neurotransmitter release of both excitatory (from 2.2 Ϯ 1.4 Hz to 14.7 Ϯ 8.9 Hz, n ϭ 6; p Ͻ 0.05) and inhibitory (from 3.8 Ϯ 0.9 Hz to 13.7 Ϯ 3.4 Hz, n ϭ 6; p ϭ 0.01) miniature postsynaptic currents (Fig. 6) . Ziram application did not exert a change on mEPSC amplitude (from 12.8 Ϯ 2.5 Hz to 15.0 Ϯ 3.3 Hz, n ϭ 6) [ Figs. 6 B (bottom), 7] , nor did it affect time course (rise time from 1.5 Ϯ 0.4 ms to 1.4 Ϯ 0.4 ms; decay from 2.6 Ϯ 0.4 ms to 3.1 Ϯ 0.7 ms, n ϭ 6) (Fig. 7) . Furthermore, mIPSC amplitude (15 Ϯ 4.5 pA to 14.9 Ϯ 4.7 pA) [Figs. 6C (bottom) , 7] and kinetics (rise time from 2.9 Ϯ 1.3 ms to 2.7 Ϯ 0.9 ms; decay time from 8.9 Ϯ 1.3 ms to 7.4 Ϯ 0.5 ms, n ϭ 6) were not affected (Fig. 7) . Similar results were obtained with the structurally unrelated E1-inhibitor Pyr41/UBEI-41 (mini frequency from 6.2 Hz Ϯ 1.7 to 31.0 Hz Ϯ 5.7, n ϭ 6; p ϭ 0.01) (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). We conclude that the UPS can exert rapid and potent control over neurotransmitter release and hypothesize that this effect is not exclusively mediated via protein degradation (protein turnover), but also through the dynamic ubiquitination of target proteins. This hypothesis is consistent with the lack of global increases in the level of polyubiquitinated proteins observed after a 10 min preincubation with either a proteasome blocker or an E1 inhibitor (Fig. 8A ). While we cannot exclude an increase that is below our detection level and/or an increase that affects only a small fraction of the proteins, our data are consistent with the notion that global increases in the level of ubiquitinated proteins do not correlate with increases in mini frequency (see Discussion). In Figure 8 B, we present a model wherein both protein degradation and dynamic ubiquitination modulate active zone regulatory proteins.
Discussion
Protein ubiquitination is a posttranslational modification that marks proteins for degradation thereby modulating their halflife, and it can also dynamically modulate protein function. Protein degradation serves to purge the cell of damaged (e.g., misfolded or oxidized) proteins and to reduce the levels of proteins that are no longer required or would be deleterious for the current state of the cell (e.g., cell cycle regulators) (Ciechanover and Schwartz, 2004; Fang and Weissman, 2004) . Dynamic and reversible protein ubiquitination, on the other hand, serves as a posttranslational modification that controls trafficking, interaction partners, and the "activity state" of proteins, reminiscent of other posttranslational modifications such as protein phosphorylation (Hicke, 2001; Conaway et al., 2002; Mukhopadhyay and Riezman, 2007) . Based on previous reports (Speese et al., 2003; Zhao et al., 2003; Yao et al., 2007) , we originally hypothesized that polyubiquitinated proteins that accumulate after blocking the proteasome would have an increased half-life, which would in turn affect neurotransmitter release. To test this, we blocked the proteasome system at two critical points, expecting opposing effects: Blocking the proteasome proper should increase the halflife of synaptic proteins that accumulate in the polyubiquitinated No change in global protein ubiquitination levels is observed compared to control (C) conditions. Standard masses are illustrated in kDa. B, Median normalized intensity levels of three independent anti-ubiquitin immunoblots (thick black lines) together with the intensity of anti-ubiquitin levels of three independent experiments (open symbols) for both MG132-and ziram-treated neurons. Note lack of systematic accumulation of ubiquitinated proteins. GAPDH (arrow) serves as a loading control. Error bars are ϮSEM. C, Working hypothesis: protein degradation (⌬ lifetime) and dynamic protein ubiquitination (⌬ activity) are both responsible for the fast and strong increase in mini frequency. E1, E2, E3, Enzymes of the ubiquitination cycle; Ub, ubiquitin; S, substrate (note that the shape indicates potentially different activity forms). Arrows on the right indicate expected changes in global levels of proteins in response to inhibition of either proteasome (open arrows) or E1 (black arrows). Blocking the proteasome will trigger an accumulation of ubiquitinated substrate proteins (S) that are no longer degraded (indicated by open arrows on the right side of the figure). As free ubiquitin gets trapped in the polyubiquitinated proteins, new protein ubiquitination can no longer happen, thus leading to a decrease in the ubiquitinated form of dynamically ubiquitinated proteins. In contrast, blocking E1 activity will not block the degradation of ubiquitinated proteins, but will also inhibit dynamic ubiquitination and increase the level of deubiquitinated proteins. Since the physiological effect of proteasome and E1 inhibition is the same, it seems likely that a decrease in dynamic protein ubiquitination is responsible for the increase in mini frequency.
state. In contrast, inhibiting the universal E1 enzyme should lead to no accumulation and maybe even a decrease in polyubiquitinated proteins. Our prediction was that E1 inhibition should thus either not affect synaptic transmission or alter it in the opposite direction (Fig. 8 B) .
To block the proteasome, we selected two structurally unrelated and widely used proteasome blockers: MG132 and clastolactacystin ␤-lactone. To inhibit E1, we took advantage of two novel and also structurally unrelated E1 blockers: ziram and Pyr-41/UBEI-41. Ziram, a widely used fungicide, has recently been shown to potently inhibit E1-ubiquitin ligase activity (Chou et al., 2008) . The thiol group of this zinc dimethyldithiocarbamate likely competes with ubiquitin for E1's cysteine group, thus preventing the activation of ubiquitin (Fig. 5A) . Although ziram's effects on E2s or E3s have not been investigated, we show here that it does not directly inhibit the proteasome (Fig. 5A) , and that it does not trigger a significant accumulation of ubiquitinated proteins in neurons (Figs. 5B, 8A ). Pyr-41, a pyrazone, covalently modifies the active site of E1, but not the E2 ubiquitin-conjugating enzymes, the proteasome, or caspases (Yang et al., 2007) . However, while both of these compounds clearly do inhibit E1-activating enzyme, they have not been fully characterized and may have some off-target effects. For example, Pyr-41/UBEI-41 has been shown to augment sumoylation. While a more extensive study of off-target effects will be informative, the use of two structurally unrelated compounds that yield the same effect lessens the likelihood that these are solely due to off-target actions.
Blocking of either the proteasome (Figs. 1, 2; supplemental Fig. 1 , available at www.jneurosci.org as supplemental material) or the E1 ubiquitin-activating enzyme ( Fig. 6 ; supplemental Fig.  2 , available at www.jneurosci.org as supplemental material) strongly and rapidly increased neurotransmitter release. This prompted us to reevaluate our original hypothesis that an accumulation of nondegraded, possibly polyubiquitinated proteins is responsible for this increase. Inspection of the ubiquitination cycle (Fig. 8 B) reveals that inhibition of the proteasome versus the E1 enzyme will have opposing effects on the levels of polyubiquitinated proteins (note arrows on right): proteasome inhibition will increase the level of proteins ready for degradation, while E1 inhibition (in the absence of proteasomal blockade) will still allow previously ubiquitinated proteins to be degraded. On the other hand, inhibitors of either proteasome or E1 will trigger a general deubiquitination of reversibly ubiquitinated proteins, as activated ubiquitin-provided through the cascade of E1, E2, and E3 activities-is no longer available (Fig. 8 B) . Following either proteasomal or E1 inhibition, we did not observe a general increase in the levels of ubiquitinated proteins within the time frame (minutes) of the observed mini frequency rise (Fig. 8 A) . We also did not find an increase in either Munc-13 Speese et al., 2003) (but see Kalla et al., 2006) or Rim1 (Yao et al., 2007) levels (Figs. 4 B, C, 5C,D) . Obviously, we cannot exclude changes of protein levels that are below our detection limits. Indeed, in response to proteasome inhibition at least a small increase in global ubiquitination levels might be expected even after short exposure and such an increase has been reported by others (Patrick et al., 2003) . In response to E1 inhibition on the other hand, a decrease in global ubiquitination would be expected even shortly after inhibition. Thus an opposite change of ubiquitination might be expected in response to inhibition at these two checkpoints. Since all four inhibitors working at these distinct checkpoints of the UPS have the same physiological effect, a decrease in the ubiquitination level of dynamically ubiquitinated proteins is most consistent with the observed increase in quantal release.
The rapid increase in mini frequency with no consistent alteration of mini amplitude in response to proteasome and E1 inhibition suggests a predominantly presynaptic site of action. This could be due to an increase in the size of the readily releasable pool of vesicles, an increase in release probability, an awakening of presynaptically silent (mute) synapses, or a combination of these. However, we do not want to exclude contributions of unsilencing of postsynaptically silent (deaf) synapses, or a scheme of postsynaptic induction followed by presynaptic expression, as underlying or at least contributing mechanisms. Given the many synaptic proteins that have been reported as targets of ubiquitination (Hegde and DiAntonio, 2002) and given the large number and potential specificity of E3-ligases, the molecular pathways contributing to a UPS-mediated regulation of synaptic transmission will likely prove to be very diverse.
In conclusion, our results add a novel layer to the growing appreciation of the regulatory effect of the UPS on synaptic transmission. Inhibition of the UPS over many hours to days appears to contribute to neuronal dysfunction and death in neurodegenerative diseases (Hegde and Upadhya, 2007) . Inhibition over tens of minutes to hours has been shown to affect the size of the recycling pool of vesicles (Willeumier et al., 2006) , postsynaptic receptor trafficking (Patrick et al., 2003) , the strength of synaptic transmission (Speese et al., 2003; Zhao et al., 2003) , and LTP (Dong et al., 2008) . We now show that neurotransmitter release is controlled by the UPS on a timescale of minutes or less. These fast effects might in part provide the physiological basis for functions on a longer time scale. The consistent dysregulation of synaptic transmission in response to UPS malfunction might underlie early aspects of neurodegenerative diseases. This notion is supported by the accumulating evidence that pesticides inhibit UPS function (Wang et al., 2006) and that individuals living close to agricultural areas exposed to pesticides have an increased risk of developing Parkinson's disease (Ritz and Costello, 2006; Costello et al., 2009 ). Thus, it will be interesting to investigate whether malfunctioning of the rapid regulation of synaptic transmission by the ubiquitin-proteasome system-in addition to pointing toward a novel mechanism of synaptic regulation and plasticity-could serve as an early indicator of long-term neuronal dysfunction.
